Dental pulp is a connective tissue and enclosed in a rigid wall of dentin. Dental pulp fibroblasts maintain the extracellular matrix in dental pulp tissue by the secretion of collagenous and non-collagenous proteins [1] . It has been suggested that ionic channels in the plasma membranes of dental pulp cells play important roles in the cellular function of the secretion of extracellular matrix proteins, the sensory transduction in teeth and the dental pulp cell metabolism [2] [3] [4] [5] . Recent studies using patch-clamp recording techniques have demonstrated the presence of high-conductance Ca 2ϩ -activated K ϩ channels in tissue-cultured cells derived from human dental pulp [4] and small-conductance Ca 2ϩ -activated K ϩ channels in cells from dental pulp slice preparation [6] . However, we have no information about voltage-dependent K ϩ channels in dental pulp cells.
In most cells, two kinetically and pharmacologically distinct voltage-dependent outward K ϩ currents have been distinguished. They are delayed, sustained, and 4-aminopyridine (4-AP)-insensitive but tetraethylammonium (TEA)-sensitive K ϩ currents (delayed rectifiers) and transient 4-AP-sensitive but TEA-resistant K ϩ currents (transient K ϩ currents) [7, 8] . Dendrotoxins (DTXs) and mast cell degranulating peptide (MCDP) potently inhibit delayed rectifiers, but not transient K ϩ currents [9] [10] [11] [12] . The transient K ϩ currents have also been distinguished based on differences in electrophysiological properties, which are (1) rapidly inactivating transient K ϩ currents and (2)
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In a previous study, we demonstrated that the total ionic currents in dental pulp fibroblasts interestingly were not sensitive to TEA even at higher concentrations [6] . To further understand the ionic mechanisms in dental pulp fibroblasts, we examined the electrophysiological and pharmacological properties of K ϩ current by using a nystatin perforated-patch recording configuration. The present data demonstrates that dental pulp fibroblasts express a voltage-dependent transient K ϩ current, which is sensitive to 4-AP but not to specific blockers for delayed rectifiers and rapidly inactivating transient Kv3.4 channel, and it exhibits slowly inactivating properties.
MATERIALS AND METHODS
Dental pulp slice preparations. Dental pulp slices [21, 22] were prepared from 3-to 13-d old Wistar rats of both sexes. The animals were treated in accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences approved by the Council of the Physiological Society of Japan and in compliance with the guidelines of the Japanese government. Decapitation was performed under pentobarbital sodium anesthesia (25 mg/kg, I.P.), and the mandible was dissected. A hemimandible was severed at its median. All soft tissues adhering to the outside of the hemimandible, including the periosteum, were removed in Krebs solution under a stereoscopic microscope (Olympus, Tokyo, Japan). The mandible was first embedded in alginate impression material turned incisal side down. After the alginate impression material had hardened, the previously trimmed block of the material containing the mandible was bonded with cyanoacrylate glue to the stage of a standard vibrating tissue slicer (DTK-1000, Dosaka EM, Kyoto, Japan). The stage of slicer, in chamber form, was then immediately filled with Krebs solution. The mandible was sectioned transversely through the incisor at 500 mm thickness. The sectioning procedure was monitored continuously, and the mandible was sliced down to the required level where the dentin and enamel were directly viewed between bone tissues and dental pulp. The sections of mandible were then obtained at the required level. The surrounding impression material, bone tissue, enamel, and dentin were removed carefully from a section of mandible in Krebs solution under a stereoscopic microscope, and the remaining dental pulp slices were subsequently obtained (Fig. 1 ). To form a high-resistance seal between the cell and patch pipette, the obtained pulp slice was treated with Krebs solution containing 0.17% collagenase (Type I, Sigma Chemical, St. Louis, MO) and 0.03% trypsin (Type I, Sigma) at 37°C for 30 min. The treated slice was arranged on the glass bottom of the recording chamber (0.5 ml in volume) and covered with Krebs solution saturated with 95% O 2 -5% CO 2 . The glass bottom had previously been coated with poly-D-lysine (Sigma). The recording chamber was placed on the stage of an upright microscope (BX50WI, Olympus) and viewed under differential interference contrast optics. The dental pulp slice was perfused with extracellular solution at a flow rate of 2 ml/min.
Solutions and reagents. The extracellular solution (ECS; Krebs solution) consisted of the following composition (in mM): 136 NaCl, 5 KCl, 2.5 CaCl 2 , 0.5 MgCl 2 , 12 NaHCO 3 , 2 NaH 2 PO 4 , and 11 glucose. For the pharmacological characterization of K ϩ currents, the channel blocker 4-aminopyridine (4-AP; Sigma), dendrotoxin-I (DTX-I, Peptide Institute, Osaka, Japan), mast cell degranulating peptide (MCDP, Peptide Institute), and blood depressing substance-I (BDS-I, Alomone Labs., Jerusalem, Israel) stock solutions were prepared in distilled water or 1% acetic acid solution (for DTX-I), then diluted with ECS to the appropriate concentration before use. Tetraethylammonium chloride (TEA, Wako Pure Chemical, Osaka, Japan) was added to the ECS at the Japanese Journal of Physiology Vol. 51, No. 3, 2001 Y. SHIBUKAWA and T. SUZUKI Fig. 1 . Microscopical observation of dental pulp slice after enzymatic treatment. The odontoblast layer (asterisks) and inner dental pulp cells (arrows) were observed by differential interference contrast optics. A single odontoblast (arrowhead) and other inner cells appear as smooth and bright. In this study, patch pipettes were applied to individual single inner dental pulp cells. Scale bars: 100 m.
expense of NaCl. All channel blockers were applied by superfusion over the dental pulp slice. In the tail current analysis, extracellular . By adding tris(hydroxymethyl) aminomethane, the pH was adjusted to 7.2 for both intracellular solutions. A stock solution containing 10 mg/ml nystatin (Sigma) was prepared and added at a final concentration of 160 g/ml to the intracellular solutions.
Data acquisition and analysis: whole-cell recording techniques. A nystatin perforatedpatch recording configuration under voltage-clamp conditions for dental pulp fibroblasts in slice preparation was conducted [23, 24] . Whole-cell currents for small cells were achieved by the configuration to minimize changes in the intracellular environment. Patch pipettes with a resistance of 2 to 5 M⍀ were pulled from capillary tubes by using a FLAMING/BROWN micropipette puller (Model P80/PC, Sutter Instrument, Novato, CA); they were then filled with an ICS that included nystatin. Electrical access to the cell's interior was indicated by a gradual increase in the capacitative transients and a decrease in the series resistance, which occurred within 5 to 15 min after formation of the initial gigaohm seal. Whole-cell currents were measured by using a patch-clamp amplifier (L/M-EPC-7, List-Medical, Darmstadt, Germany), which allowed for compensation of cell capacitance and series resistance. The currents were monitored and stored in an on-line computer (Compaq) after the analog signals were digitized through an analog-todigital converter (DigiData 1200, Axon Instruments, Foster City, CA) for further analysis using an acquisition/analysis software program (pCLAMP, Axon Instruments). The current signals were filtered at 3 kHz. Voltage commands were generated by a software-driven digital-to-analog converter (DigiData 1200). Data were analyzed with an off-line computer using pCLAMP, and also by a technical graphics/analysis program (ORIGIN, MicroCal Software, Northampton, MA). Leak currents were corrected for by scaling and subtracting the currents obtained in response to a hyperpolarizing step of Ϫ10 mV from the holding potential. All experiments were conducted at room temperature (20 to 22°C).
Statistics. The results are expressed as meansϮ SE of mean of n observations, where n represents the number of tested cells. Paired Student's t-tests were used to evaluate the statistical significance. Values of pϽ0.05 were considered significant.
RESULTS

Identification of dental pulp fibroblasts on dental pulp slice
A differential interference contrast light photomicrograph of a dental pulp slice in which covered tissue was removed by enzymatic treatment is shown in Fig.  1 . Outer monolayer cells and other inner cells on both the lateral and upper surfaces of the slice had smooth and bright appearances. The outer monolayer cells ( Fig. 1; asterisks) are identified as odontoblasts based on our previous studies [21, 22] . A single isolated odontoblast is observed ( Fig. 1; arrowhead) . Nystatin perforated-patch recordings were made from inner dental pulp fibroblasts [6] ( Fig. 1 ; arrows), which were not associated with any vessel wall, odontoblast layer, or sub-odontoblastic region and had an intact nucleus.
Outward currents in dental pulp fibroblasts
Under the conditions of ECS and K ϩ -rich ICS, the resting membrane potential was measured immediately after the establishment of perforated-patch configuration with an average of Ϫ52.6Ϯ2.0 mV (nϭ26). The dental pulp fibroblasts had a membrane capacitance of 15.4Ϯ2.7 pF and a membrane resistance of 0.88Ϯ0.07 G⍀ (nϭ25).
The membrane currents in dental pulp fibroblasts were investigated under voltage-clamp conditions by using the perforated-patch recording configuration. The current traces in Fig. 2A are the responses to 800 ms depolarizing voltage steps (upper traces) ranging from Ϫ60 to ϩ60 mV at a holding potential (V h ) of Ϫ80 mV (10 mV increments) with intracellular solution of K ϩ -rich ICS (middle traces) and Cs ϩ -rich ICS (lower traces), respectively. Under the conditions of the K ϩ -rich ICS and ECS, the outward current was activated rapidly and showed slow inactivation during 800 ms voltage pulses. The outward current amplitude was reduced when intracellular K ϩ was replaced with Cs ϩ (Fig. 2) , a nonspecific blocker of most K ϩ channels, including transient K ϩ channels [8, 25] . In K ϩ -rich ICS, the amplitudes of peak current and steady current at 800 ms by a voltage step to ϩ60 mV were 374.4Ϯ61.7 and 188.0Ϯ33.4 pA (nϭ5), respectively. In Cs (Fig. 2B ). In the K ϩ -rich ICS, the activation threshold of the peak outward current was Ϫ40 mV, and the peak (᭹) and steady () amplitudes increased with increasing membrane potential, showing "shoulder"-shaped current kinetics at levels from Ϫ40 to ϩ60 mV (Fig. 2B) . In the Cs ϩ -rich ICS, the I-V relationships for the peak (᭺) and steady amplitudes (ᮀ) were almost linear within a range of membrane potentials from Ϫ60 to ϩ60 mV (Fig. 2B) .
Reversal potential and [K
To investigate the selectivity of the outward current for K ] o closely approximated the K ϩ equilibrium as a potential predicted by the Nernst equation (Fig. 3B, solid line) Y. SHIBUKAWA and T. SUZUKI to the data is obtained by including a small additional permeability to Cl Ϫ according to the GoldmanHodgkin-Katz equation, (1) where E rev is a reversal potential, P K is the permeability to K ϩ equal to 1, and P Cl is the permeability to Cl Ϫ equal to 0.07 ( Fig. 3B ; dotted line).
Steady-state inactivation of the transient K
The voltage dependence of steady-state inactivation of the outward current was studied. Figure 4A illustrates a family of currents obtained by stepping to a membrane potential of ϩ50 mV from a series of holding potentials of Ϫ100 to ϩ20 mV. The holding potential was maintained for 30 s or longer before the depolarizing step. The peak outward current amplitude decreased with increased depolarized holding potentials. In Fig. 4B , peak current for a given holding potential (I) was normalized to the peak current for a holding potential of Ϫ100 mV (I max ), then plotted against holding potential. The data points were fitted to the Boltzmann function,
where V h is the holding potential, V 0.5 is the membrane potential at which the peak current is inactivated by half, and k is the slope factor. The best fit yielded a V 0.5 ϭϪ46.9ϮϪ0.1 mV (nϭ4) and a kϭ 11.5Ϯ0.9 mV/e-fold (nϭ4) for the transient peak current.
Activation and inactivation kinetics of the transient K ؉ current
The inactivation process of the transient K ϩ current was well fitted with a single exponential function. An example of the K ϩ current decay obtained from four cells by stepping to membrane potentials of Ϫ10, ϩ20, and ϩ60 mV is shown in Fig. 5A (dotted lines), accompanied with the fitted single exponential decay curves (heavy lines) to give time constants. The means of the time constant () of decay (inactivation) versus membrane potentials from Ϫ20 to ϩ60 mV are shown in Fig. 5B . The of decay exhibited dependence on the membrane potential; the of decay ranged from 353 ms at Ϫ20 mV to 217 ms at ϩ60 mV. For the study of the activation process, the time to peak amplitude (t p ) of the peak K ϩ current was examined by stepping to membrane potential ranging from Ϫ20 to ϩ60 mV at V h of Ϫ80 mV (nϭ4). The t p was dependent on membrane potential; it ranged from 13 ms at Ϫ20 mV to 3.8 ms at ϩ60 mV (Fig. 5C ).
Pharmacological characterization of the transient K
؉ current To characterize the pharmacological properties of the K ϩ currents, the effects of several K ϩ channel blockers were examined. Dendrotoxin-I (DTX-I), mast cell degranulating peptide (MCDP), and tetraethylammonium (TEA) were used to investigate the expression of delayed rectifier K ϩ channels [7] [8] [9] [10] [11] [12] . Furthermore, blood depressing substance-I (BDS-I) that has been recently identified as a specific blocker for voltage-dependent rapidly inactivating transient Kv3.4 channel was also used [20] . Before and after the application of each K ϩ channel blocker, outward current was evoked by an 800 ms depolarizing voltage step to ϩ50 mV from a V h of Ϫ80 mV (Fig. 6 ). As we previously reported [6] , the application of TEA at even higher concentrations (15 mM) did not show sensitivity to the outward currents (Fig. 6A) . Peak currents elicited by the voltage step were 99.1Ϯ0.9% (nϭ3) in the presence of 100 nM MCDP, 98.7Ϯ5.3% (nϭ3) in the presence of 100 nM DTX-I, and 102.9Ϯ5.2% (nϭ3) in the presence of 100 nM BDS-I (nϭ4) compared to control values (Fig. 6 , B, C, and D, respectively). The steady currents at 800 ms were also unaffected by the application of TEA, MCDP, DTX-I, and BDS-I (Fig. 6 ). This lack of significant outward K ϩ current block indicates that delayed rectifiers and the rapidly inactivating transient Kv3.4 channel do not contribute to the K ϩ current in dental pulp fibroblasts. The K ϩ channel blocker 4-aminopyridine (4-AP), however, routinely blocked the outward current. The application of 2 mM 4-AP preceded by TEA, MCDP, DTX-I, and BDS-I suppressed the current by 55.6Ϯ 2.1% (nϭ12; Fig. 6 ).
4-AP-sensitive transient K
؉ current Further studies were carried out to characterize the 4-AP-sensitivity to the transient outward K ϩ current. Superimposed traces of the outward K ϩ current (Fig.  7A) were evoked by a series of depolarizing voltage steps (upper traces) between Ϫ60 to ϩ60 mV from a V h of Ϫ80 mV (10 mV increments) before (control, middle traces) and during application of 2 mM 4-AP (lower traces). The application of 4-AP markedly suppressed the peak current and slightly suppressed the steady current at 800 ms. The I-V relationships in the absence (᭹) and the presence of 4-AP (᭺) were obtained by plotting the peak amplitude (Fig. 7B ) and the steady amplitude (Fig. 7C ) against membrane potentials. At ϩ50 mV, 2 mM 4-AP significantly inhibited the peak current by 51.9Ϯ15.5% (pϽ0.05) and the steady current by 22.8Ϯ0.1% of the outward current (nϭ4).
Before and after applications with various concentrations of 4-AP, outward currents were evoked by an 800 ms depolarizing voltage step to ϩ50 mV from a V h of Ϫ80 mV. As shown in Fig. 8A, 4 -AP reduced outward current in a concentration-dependent manner. The concentration dependence of the inhibitory effect of 4-AP on the peak current is presented in Fig. 8B . Here the current was normalized to the control value in the absence of the 4-AP. Each point on the concentration-response relationship was obtained from three cells. It can be observed that a 50% block of the outward current was obtained at a 4-AP concentration of approximately 2 mM. The inhibitory effects of 4-AP on the current were reversible (not shown).
DISCUSSION
The results in this study provided the first demonstration of a voltage-dependent transient potassium current in rat dental pulp fibroblasts. The dental pulp tissue consists of various types of cells such as odontoblasts, endothelial cells, and pulp fibroblasts [26] . The pulp fibroblasts are most numerous in the dental pulp [1, 27] . Recordings of ionic currents were made by using a nystatin perforated-patch configuration from the inner cells in dental pulp slice preparation (Fig. 1) . The recorded cells with an intact nucleus were not associated with any vessel wall, odontoblast, or subodontoblastic region. It indicated that the recordings were obtained from the pulp fibroblasts, excluding odontoblasts and endothelial cells [1, 27] .
Y. SHIBUKAWA and T. SUZUKI Apart from the cells discussed above, It has been proposed that the dental pulp cells could contain undifferentiated mesenchymal cells [26] . The cells in pulp tissue such as fibroblasts or endothelial cells dedifferentiate into the undifferentiated mesenchymal cells a few days after the dental pulp tissue injures [27] . Others have proposed that this cell type has not been directly identified in dental pulp tissue [1] . In this study, the recordings of membrane ionic current were made within a few hours of preparation of the dental pulp slice. Therefore we made no identification of undifferentiated mesenchymal cells, and there is no possibility of contamination of this cell type into any of the recorded cells.
The mean resting membrane potential of dental pulp fibroblasts was Ϫ53 mV. A similar value has been noted in cells derived from human dental pulp [4, 5] . The outward currents in dental pulp fibroblasts were abolished by intracellular Cs ϩ (Fig. 2) . The reversal potential of the current closely followed the K ϩ equilibrium potential, indicating that the membrane channels underlying the current are selective for K ϩ (Fig. 3) . In Fig. 2B , The residual Cs ϩ -insensitive current components were observed and showed almost linear I-V relationships. The nature of that conductance can be included as a Cl Ϫ conductance [6] . The outward K ϩ current in the K ϩ -rich ICS showed rapid activation (Fig. 5 ) and subsequent inactivation during depolarization (Figs. 2 and 5 ). The activation threshold of the transient current was at membrane potential of Ϫ40 mV (Fig. 2B) . The transient outward K ϩ current was markedly blocked by extracellular 4-AP in a concentration-dependent manner (Figs. 6-8 ). Intracellular Cs ϩ also blocked (Fig. 2) . But TEA, MCDP, and DTX-I did not block the transient outward K ϩ current (Fig. 6 ). These features are consistent with the general characteristics of transient K ϩ current in a wide variety of cells [7] [8] [9] . However, several features of the current described here differ from those of most transient K ϩ currents. In the steady-state inactivation kinetics, we showed the halfmaximal inactivation of the transient K ϩ current to be at a membrane potential of Ϫ47 mV (Fig. 4) , whereas the transient K ϩ currents typically are almost completely inactivated near the resting membrane potential [8, 18, 25] . Examples are found of transient K ϩ currents, however, with half-maximal inactivation at membrane potentials closer to those found in our study, such as at Ϫ40 mV in mouse pancreatic acinar cells [28] , Ϫ45 mV in rat osteoclasts [16] , and Ϫ50 mV in neuronal cells [15, 18] . Although the rates of inactivation of the transient K ϩ currents were voltagedependent (Fig. 5B ), they were much slower than most of the rapidly inactivating transient K ϩ currents [8, 15, 25, 28] . Moreover, BDS-I, a specific blocker for a rapidly inactivating transient K ϩ channel (Kv3.4 channel), failed to block 4-AP-sensitive transient K ϩ current (Fig. 6D) . According to the results, the properties of the K ϩ current in the dental pulp cells exhibited voltage-dependent slow-inactivating transient K The outward currents were evoked by an 800 ms depolarizing voltage step to ϩ50 mV from a V h of Ϫ80 mV. The peak and steady amplitude at 800 ms of the outward current was not affected by 15 mM TEA (A, nϭ3), 100 nM MCDP (B, nϭ3), 100 nM DTX-I (C, nϭ3), or 100 nM BDS-I (D, nϭ4). The following application of 2 mM 4-AP suppressed the outward K ϩ current (nϭ12). The current traces in A, B, C, and D were obtained from a single individual cell in each trace. Note that during the application of 2 mM 4-AP, the capacitative component that could not be canceled has remained. The intracellular solution was K ϩ -rich ICS.
ronal cells [14, 15, 18] , ventricular myocytes [19] , and bone cells [13, 16, 17] . The lack of significant K ϩ current block by BDS-I indicated that a Kv3.4 channel does not contribute to the slow-inactivating transient K ϩ current in dental pulp fibroblasts. Under the recording conditions of ECS and Cs ϩ rich ICS, we could not discern the typical inward current such as Na ϩ or Ca 2ϩ current (Fig. 2) . The identification of the inward currents in dental pulp cells on slice preparations needs to be further investigated. In cultured dental pulp cells, the voltage-dependent Na ϩ channels have been reported. The Na ϩ channels are almost completely inactivated near the resting membrane potential, which preclude the generation of action potentials [5] . Therefore, the transient K ϩ currents in dental pulp cells are unlikely to be responsible for the contribution of action potential repolarization or frequency.
The activation of voltage-dependent slow-inactivating transient K ϩ current is thought to be important in regulating cellular excitability and in maintaining membrane potential [7, 8, 15, 16, 18] . In the present study, the resting membrane potential was Ϫ53 mV, and half-maximal inactivation of the slow-inactivating transient K ϩ current occurred at a membrane potential of Ϫ47 mV. This indicates that the current can partially activate under the physiological condition. Therefore the slow-inactivating transient K ϩ current in dental pulp fibroblasts demonstrated in the present study could be responsible for maintaining membrane potential at the resting level [16, 18, 28] 
